The adsorption of phenol from aqueous solution onto the hypercrosslinked polymeric adsorbent NDA-100 and its dimethylamine aminated derivatives AH-1, AH-2 and AH-3, the commercial resin Amberlite XAD-4 and the weakly basic anion-exchange resin D301 was compared. Of the tested polymers, the aminated hypercrosslinked resins had the highest adsorption capacities. The empirical Freundlich equation was successfully employed to describe the adsorption process. The specific surface area and the micropore structure of the adsorbent together with the tertiary amino group on the matrix affected the adsorption performance towards phenol. Furthermore, these factors also influenced the thermodynamic properties. Kinetic studies demonstrated that the presence of the tertiary amino group on the polymer matrix decreased the adsorption rate and increased the apparent activation energy of the adsorption process.
INTRODUCTION
Phenolic compounds are considered as primary pollutants in wastewaters because of their high toxicity, high oxygen demand (theoretical value, 2.4 mg O 2 /mg phenol) and low biodegradability (Juang et al. 1999; Körbahti and Tanyolaç 2003) . As a consequence, the removal or destruction of phenolic compounds from such wastewaters has become a significant environmental concern. The past decade has seen resin adsorption technology being widely adopted as a method of resource re-use (He and Huang 1992; Lin and Wang 2002; Deosarkar and Pangarkar 2004) .
In comparison to such classical adsorbents as silica gels, aluminas and activated carbons, polymeric adsorbents provide more attractive alternatives because of their high chemical stability, easy regeneration and excellent selectivity (He and Huang 1992) . Since its development, the commercial resin Amberlite XAD-4 has been considered best for the removal of phenolic compounds from wastewater. However, the hypercrosslinked polymers developed by Davankov and Tsyurupa (1990) provide better contact with the aqueous phase and larger adsorption capacities towards phenols from aqueous solution (Xu et al. 1997 (Xu et al. , 1999 Tsyurupa and Davankov 2002) .
In recent years, scientists have made greater efforts regarding the chemical modification of polymeric adsorbents, thereby improving their adsorption properties through the introduction of greater interaction between such adsorbents and various adsorbates (Masque et al. 1997; Li et al. 2001; Pan et al. 2002 Pan et al. , 2003 . In the present work, three aminated hypercrosslinked polymeric adsorbents (AH-1, AH-2 and AH-3) were prepared for the removal of phenolic compounds *Author to whom all correspondence should be addressed. E-mail: sycynju@yahoo.com.cn. from aqueous solutions. Their resulting adsorption properties have been discussed on a comparative basis.
EXPERIMENTAL

Chemicals
Phenol was purchased from the Guanghua Chemical Reagent Plant (Guangdong Province, P. R. China) and dissolved in de-ionized water without any pH adjustment for adsorption tests. The chemicals used to synthesize the hypercrosslinked polymeric adsorbent NDA-100 and the modified adsorbents AH-1, AH-2 and AH-3 were all supplied by the Langfang Electrical Resin Co. Ltd. (Hebei Province, P. R. China).
Adsorbents
Amberlite XAD-4 resin was purchased from Rohm & Haas Co. (Philadelphia, PA, USA) while the weak anion-exchanger resin D301 was supplied by the Jiangsu Nange Environmental Technology Co. Ltd. (Jiangsu Province, P. R. China). The hypercrosslinked polymeric adsorbent NDA-100 together with the hypercrosslinked polymeric matrixes of AH-1, AH-2 and AH-3 were prepared by controlling the post-crosslinking reaction following the method of Li et al. (2002) . Thus, AH-1, AH-2 and AH-3 were obtained by amination with dimethylamine of the residual chloromethyl groups on the different hypercrosslinked polymeric matrixes. This was achieved as follows. A known amount (10 g) of the hypercrosslinked polymeric matrix beads (of different residual chloride content) was placed in a 100 ml round-bottomed flask and swollen in 60 ml of nitrobenzene for 4 h at 298 K with mechanical stirring. After this time, the residual nitrobenzene was removed by filtration and 50 g of dimethylamine (40 wt%) added gradually to the flask over a period of 40 min. The amination reaction was allowed to continue for 10 h at 318 K. Finally, the residual dimethylamine was filtered off and the modified adsorbent steam-distilled for 3 h to effect the complete removal of nitrobenzene.
Prior to use, all the polymeric adsorbents tested were extracted with ethanol in a Soxhlet apparatus for 8 h and then dried under vacuum for 8 h at 333 K. In contrast, the XAD-4 adsorbent was first 'wetted' with 0.5 ml of methanol and then rinsed three times with de-ionized water before use.
Characterization of polymer beads
The specific surface areas and pore-size distributions of the resins were measured using a Micromeritics ASAP-2010 surface area instrument (Micromeritics Instrument Corp., Norcross, GA, USA) with nitrogen as the adsorbate employing the BET method. Infrared spectra of the polymeric adsorbents were obtained with a Nicolet 170 SX IR spectrometer (Nicolet Instrument Corp., Madison, WI, USA) using a pellet of powdered potassium bromide and resin.
Adsorption assay
Static adsorption
The static adsorption of phenol onto the various adsorbents at three different temperatures (283, 298 and 313 K) was conducted as follows. Thus, 0.100 g dry resin was introduced into a series of flasks and 100 ml of an aqueous phenol solution added to each flask. The initial concentrations (C 0 ) of the solutions studied were within the range 100-1000 mg/l. The flasks were completely sealed under nitrogen, placed in a constant temperature shaker (Taicang Guangming Experimental Instrument Co. Ltd., Jiangsu Province, P. R. China) at a preset temperature and shaken at 200 rpm for 24 h to ensure that the adsorption process had reached equilibrium. The equilibrium concentration (C e ) of phenol was determined using a Helious Betra UV-vis spectrometer (Unicam, Cambridge, UK). The corresponding equilibrium adsorption capacities, q e (mmol/g), were calculated from the equation:
(1) where V is the volume of solution (l), W the mass of dry resin (g) and M the molecular weight of phenol.
Adsorption kinetics
The kinetics of the adsorption of phenol onto the hypercrosslinked resins NDA-100, AH-1, AH-2 and AH-3 were studied in a similar manner to the static adsorption tests, except that an initial concentration of phenol of 1000 mg/l was employed in all cases at 293 K and 313 K. The instantaneous phenol uptakes on the resins were calculated by measuring the concentration of phenol in solution after different contact times.
RESULTS AND DISCUSSION
Characteristics of the polymeric adsorbents
The characteristics of the six adsorbents studied are listed in Table 1 . It will be seen from the table that the hypercrosslinked resins NDA-100, AH-1, AH-2, AH-3 and the adsorbent XAD-4 had much higher specific surface areas than the weak anion-exchange resin D301 which contained the greatest number of tertiary amino groups. Another obvious difference is that the four hypercrosslinked adsorbents had a relatively high micropore area of ca. 261-561 m 2 /g, whereas that of XAD-4 and D301 was only ca. 3 m 2 /g and 8 m 2 /g, respectively. Figure 1 shows that the four hypercrosslinked adsorbents also had relatively high micropore volumes (within the range 0.12-0.15 cm 3 /g). Although the tertiary amino group contents of NDA-100, AH-1, AH-2 and AH-3 increased according to the sequence 0, 1.51, 2.10 and 2.75 mmol/g, respectively, the corresponding specific surface areas decreased in the sequence 934 m 2 /g to 819, 726 and 483 m 2 /g, respectively. In addition, the networks of NDA-100, AH-1, AH-2, AH-3 and D301 possessed a partial polarity that varied with the tertiary amino group content. The presence of the tertiary amino group on the aminated hypercrosslinked polymeric adsorbents was further supported by the absorbance bands at 2772 cm −1 and 2816 cm −1 in their IR spectra ( Figure 2 ).
Static equilibrium adsorption
Figure 3(a)-(c) shows the equilibrium adsorption isotherms of phenol onto the adsorbents studied at temperatures of 283 K, 298 K and 313 K, respectively. It will be seen that in all cases the adsorption capacity increased considerably with increasing equilibrium phenol concentration. The data were analyzed using the empirical Freundlich equation (Slejko 1985):
( 2) where q e is the equilibrium adsorption capacity of the adsorbent (mmol/g), C e is the equilibrium concentration of the adsorbate (mmol/l), and K F and n are characteristic constants. All the isotherm parameters could be determined from the experimental data on the basis of equation (2) by plotting log q e against log C e . The corresponding Freundlich isotherm parameters K F and n together with the correlation coefficients (r) are listed in Table 2 . Values of K F derived from the Freundlich theory are an indicator of the adsorption capacity of a given adsorbent (Slejko 1985) . The results obtained in the present work indicate that the adsorption capacities towards phenol of the hypercrosslinked polymers NDA-100, AH-1, AH-2 and AH-3 were higher than those of XAD-4 and D301. The exponent n was larger than unity in all cases, thereby providing an indication of favourable processes. The adsorption capacities (q e ) of the adsorbents as calculated from the Freundlich equations and corresponding to the same residual concentration (C e ) of 6.0 mmol/l are also listed in Table 2 . At 283 K and when C e = 6.0 mmol/l, the adsorption capacities of NDA-100, AH-1, AH-2 and AH-3 towards phenol were 1.47-, 1.88-, 3.82-and 4.87-times greater than those of XAD-4 and D301, respectively. In addition, the adsorption capacities of AH-1, AH-2 and AH-3 were 12.6%, 27.6% and 6.5% higher, respectively, than that of NDA-100.
Generally speaking, the surface area, the micropore structure, the polarity as well as the chemical surface heterogeneity of an adsorbent have a considerable influence on its adsorption capacity (Li et al. 2001 Pan et al. 2003) . Although the specific surface area of the hypercrosslinked polymer NDA-100, as well as those of AH-1, AH-2 and AH-3, was comparable to or even lower than that of Amberlite XAD-4, the capacity of the latter was much lower. Hence, the significant difference in adsorption capacity was not solely related to the specific surface area.
It is possible that the higher adsorption capacities of the hypercrosslinked polymers may be attributed to the micropore structures in their respective networks (Lide 1995; Mattson and Mark 1969) . Relative to NDA-100, with AH-1, AH-2 and AH-3 of moderate polarity it is possible that (2) with C e = 6.0 mmol/l. hydrogen-bonding interaction could occur between the tertiary amino group on the adsorbents and the hydroxy group of phenol. Such an interaction may be represented schematically (Anasthas and Gaikar 2001) as:
where B represents the polymeric backbone and H-OPh corresponds to the phenol molecule. This is probably the primary reason for the increased adsorption capacity of the aminated hypercrosslinked polymers relative to that of NDA-100. In addition, the adsorption capacity towards phenol of AH-2 with a moderate content of tertiary amino groups is the greatest among the three aminated hypercrosslinked polymers. This is because the specific surface areas, micropore areas and micropore volumes of the polymers decreased as their content of tertiary amino groups increased. In other words, the specific surface area, micropore structure and the tertiary amino group content all control the adsorption of phenol onto the aminated hypercrosslinked polymers. This is further supported by the fact that the adsorption capacity of D301 towards phenol was the lowest of all the resins employed despite the fact it has the highest content of tertiary amino groups.
Thermodynamics of the adsorption of phenol onto NDA-100, AH-1, AH-2 and AH-3
The isosteric enthalpy changes of adsorption for all the hypercrosslinked polymeric adsorbents were calculated using the Van't Hoff equation (Garcia-Delgado et al. 1992 ):
( 3) where C e is the equilibrium concentration of solute in mol/l at the absolute temperature T, ∆H is the isosteric enthalpy change during the adsorption process and R is the gas constant. The quantity C e was obtained from isotherms corresponding to a definite q e value at various temperatures (283 K, 298 K and 313 K), while ∆H was calculated from the slope of the plot of log(1/C e ) versus 1/T. Some examples of the corresponding plots are depicted in Figure 4 . The adsorption free energy changes were calculated from the Freundlich isotherm by employing the Gibbs equation (Garcia-Delgado et al. 1992; Bell and Tsezos 1987) :
where n is the parameter of the Freundlich equation and ∆G is the free energy change in the adsorption process. The adsorption entropy changes (∆S) could then be calculated via the Gibbs-Helmholtz relationship (Garcia-Delgado et al. 1992 ):
(5) Table 3 lists the isosteric enthalpy changes (∆H, kJ/mol), free energy changes (∆G, kJ/mol) and entropy changes [∆S, J/(mol K)] calculated from the data obtained in the present study.
The negative values for all the enthalpy changes listed in the table demonstrate the exothermic nature of the adsorption processes studied. The fact that the absolute values of the enthalpy changes decreased with increasing loading indicates that the active sites on the adsorbent surface were not all equivalent energetically and that those with the greater binding energy were occupied first. The fact that the adsorption free energy changes were also always negative indicates that Adsorption of Phenol by Aminated Hypercrosslinked Polymers phenol adsorption on the adsorbent surfaces studied was a spontaneous process in each case. Furthermore, the entropy changes were also all negative, indicating that the activities of the phenol molecules on the adsorbent surfaces were less than those in aqueous solution. The differences between the three thermodynamic parameters for the four adsorbents tested is obvious from the data listed in Table 3 and may be attributed to the specific surface area, micropore structure and the tertiary amino group content of the various adsorbents.
Kinetics of phenol adsorption onto NDA-100, AH-1, AH-2 and AH-3
Kinetic studies of the sorption of phenol onto NDA-100, AH-1, AH-2 and AH-3 were carried out to explore the practicability of these types of resin in the removal of phenol from water streams. The influence of the contact time on the uptake of phenol onto NDA-100, AH-1, AH-2 and AH-3 was studied and gave the results depicted in Figure 5 . The adsorption rate constants for the removal of phenol by resins were determined using the first-order kinetic expression (Yu et al. 2001): (6) where q t is the adsorption uptake (mmol/g) of phenol at a time t and q e is the equilibrium uptake (mmol/g), while k and t are the rate constant and time, respectively. The kinetic data obtained over a period of 80 min at 293 K and 313 K, respectively, were plotted in terms of equation (6), with k being obtained from the slope of the linear relationship obtained. The apparent activation energy was calculated using the Arrhenius equation (Fu et al. 1990 ) as: (7) where k is the rate constant (1/min), k 0 is a parameter related to temperature (1/min), E a is the apparent activation energy (J/mol), R is the gas constant [8.314 J/(mol K)] and T is the absolute temperature (K). The values of the rate constants and relevant parameters together with the apparent activation energies are listed in Table 4 . Figure 5 shows the sorption equilibria obtained for contact times of ca. 2.5 h at an initial phenol concentration C 0 of 1000 mg/l. It will be noted that equilibrium was attained more rapidly at the higher temperature but with a lower sorption uptake. From the data listed in Table 4 , it will be seen that phenol adsorption onto the four resins studied followed a first-order process with correlation coefficients (r) which were all higher than 0.98. At the same temperature, the values of the rate constant k decreased in the order: AH-3 < AH-2 < AH-1 < NDA-100. Some researchers [see, for example, Marcus et al. (2000) ] have studied the effect of the chemical heterogeneity of the surface on the adsorption of dissolved aromatic compounds onto activated carbon and found that water adsorption occurred on the hydrophilic, polar oxygen groups with water clusters being built up on these groups by hydrogen bonding. The water clusters effectively reduced the accessibility of pores to adsorbate molecules, thereby causing a reduction in the rate of diffusion. A similar process may occur with the tertiary amino group on the resin matrix of AH-1, AH-2 and AH-3, with the adsorption of water through hydrogen-bonding with the tertiary amino group slowing down the rate of adsorption (Cornelia et al. 2001) . The order of the apparent activation energy required for the adsorption of phenol onto the four resins was: NDA-100 < AH-1 < AH-2 < AH-3. This may be attributed to the hydrogen-bonding interaction.
CONCLUSIONS
Surface modification of the hypercrosslinked polymeric matrix of NDA-100 with dimethylamine was studied and the aminated derivatives AH-1, AH-2 and AH-3 obtained. The adsorption capacity of phenol onto these aminated hypercrosslinked resins was greater than that onto the matrix of NDA-100. The specific surface area, micropore structure and tertiary amino group content in combination played an important role in the adsorption of phenol onto the aminated hypercrosslinked polymers.
Negative values of the isosteric enthalpy changes indicated that phenol adsorption onto the tested resins was exothermic. The adsorption free energy changes were always negative, thereby demonstrating that the adsorption was a spontaneous process. The entropy changes were also negative, indicating a weaker activity of phenol molecules on the adsorbents than when unattached in the aqueous solution. The difference in the three thermodynamic parameters for the four adsorbents tested was attributed to the influence of the specific surface area, micropore structure and the tertiary amino group content of the adsorbents. Kinetic studies of the adsorption of phenol onto NDA-100, AH-1, AH-2 and AH-3 demonstrated the existence of a first-order mechanism for the adsorption process. The amination reaction on the hypercrosslinked polymeric backbone led to a lower adsorption rate, possibly due to the build up of water clusters on the surface. The value of the apparent activation energy for the adsorption process increased with increasing tertiary amino group content of the resin matrix. This was attributed to the occurrence of hydrogen-bonding interactions.
